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A B S T R A C T 

We present photometric redshifts (photo- z) for the deep wide fields of the Physics of the Accelerating Univ erse Surv e y (PAUS), 
co v ering an area of ∼50 deg 

2 , for ∼1.8 million objects up to i AB 

< 23. The PAUS deep wide fields overlap with the W1 and W3 

fields from CFHTLenS and the G09 field from KiDS/GAMA. Photo- z are estimated using the 40 narrow bands (NB) of PAUS 

and the broad-bands (BB) of CFHTLenS and KiDS. We compute the redshifts with the SED template-fitting code BCNZ , with 

a modification in the calibration technique of the zero-point between the observed and the modelled fluxes, that removes any 

dependence on spectroscopic redshift samples. We enhance the redshift accuracy by introducing an additional photo- z estimate 
( z b ), obtained through the combination of the BCNZ and the BB-only photo- z. Comparing with spectroscopic redshift estimates 
( z s ), we obtain a σ68 � 0 . 020 for all galaxies with i AB 

< 23 and a typical bias | z b –z s | smaller than 0.01. For z b ∼ (0 . 10 –0 . 75), 
we find σ68 � (0 . 003 –0 . 02), this is a factor of 10 –2 higher accuracy than the corresponding BB-only results. We obtain similar 
performance when we split the samples into red (passive) and blue (active) galaxies. We validate the redshift probability p( z) 
obtained by BCNZ and compare its performance with that of z b . These photo- z catalogues will facilitate important science cases, 
such as the study of galaxy clustering and intrinsic alignment at high redshifts ( z � 1) and faint magnitudes. 

Key words: surv e ys – galaxies: distances and redshifts – galaxies: photometry – large-scale structure of Universe – cosmology: 
observations. 
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 I N T RO D U C T I O N  

ver the last decades, wide-field galaxy surveys, such as the Sloan
igital Sky Survey (SDSS, Ahumada et al. 2020 ), the Canada–
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rance–Ha waii Telescope Le gac y Surv e y (CFHTLS; Cuillandre et al.
012 ), the Kilo-De gree Surv e y (KiDS; de Jong et al. 2013 ), the Dark
nergy Surv e y (DES; Dark Energy Surv e y Collaboration 2016 ),
nd the Hyper Suprime-Cam Subaru Strategic Program (HSC SSP;
ihara et al. 2019 ), amongst others, hav e pro vided the community
ith a large number of photometric redshift measurements, which
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llowed to perform a range of cosmological statistical analyses, such 
s estimating correlation functions for galaxy clustering or cosmic 
hear, which might help to infer the nature of dark energy and dark
atter (Weinberg et al. 2013 ). 
Redshifts can be estimated using spectroscopic or photometric 

echniques. The spectra of an object can be well determined by the
ormer yielding a precise redshift determination, mainly through the 
etection of emission and absorption lines, the Lyman break or the 
000 Å break. Ho we ver, this technique is expensive, in the sense that
easurements have to be made per object (or a limited number of

bjects for recent spectroscopic surv e ys such as DESI Collaboration 
023 ), knowing its angular coordinates beforehand and with large 
ost in exposure times. On the other hand, photometric surveys 
easure the flux of many objects at once, using filters that allow us

o reco v er a low-resolution spectrum of each object. The resolution
t which the spectrum is obtained is limited by the wavelength 
idth of the filter, so that narrower bands have greater resolution. 
ypically, photometric surv e ys use optical bands with a width of
100 nm, we will refer to those as broad-band (BB) photometric 

urv e ys. 
Here, we take advantage of photometry from the Physics of the 

ccelerating Universe Survey (PAUS; Padilla et al. 2019 ), which is
omposed of 40 narrow bands (NB) with a width of ∼13 nm. With
ands one order of magnitude narrower than that of broad-bands, the 
pectra reco v ered by PAUS hav e a resolution between spectroscopic
nd broad-band photometric surv e ys, which allows us to compute 
hotometric redshifts (photo- z) with unprecedented precision. Other 
arrow band photometric surv e ys include ALHAMBRA (Moles et al. 
008 ), mini-JPAS (Bonoli et al. 2021 ), and LAGER (Zheng et al.
017 ). 
The main techniques used to estimate photometric redshifts are 

pectral energy distribution (SED) template-fitting codes (Ben ́ıtez 
000 ; Bolzonella, Miralles & Pello’ 2000 ; Feldmann et al. 2006 ;
lbert et al. 2006 ; Boquien, M. et al. 2019 ; Eriksen et al. 2019 )
nd machine learning algorithms (Collister & Lahav 2004 ; Geach 
012 ; Carrasco Kind & Brunner 2013 ; Bonnett 2015 ; Jones, E. &
ingal, J. 2017 ; Eriksen et al. 2020 ). The former method compares the
easured fluxes with a set of SED templates at different redshifts and

or different kinds of galaxy populations, including emission lines as 
ell as the stellar continuum. In this case, a library of SED templates

s needed to represent the variety of galaxy populations, with the 
erformance of the method relying in the completeness of these 
ED templates. Ho we v er, some colour-redshift de generacies might 
ppear due to the loss of information associated with photometric 
ata, which will affect the performance of such codes. In the latter
ase, machine learning algorithms are trained with fluxes of galaxies 
or which we know their spectroscopic redshifts. The performance of 
his method is limited to the goodness of the training data, hence the
pectroscopic sample needs to realistically represent the photometric 
ne. Here, we will use an SED template-fitting code called BCNZ2
Eriksen et al. 2019 ), which we will refer to as BCNZ to simplify the
otation throughout the paper, specifically designed to deal with the 
0 NB of PAUS. 
Previous studies of photometric redshifts in PAUS have been 

erformed only in the COSMOS field with SED template-fitting 
odes (Eriksen et al. 2019 ; Alarcon et al. 2021 ) and machine learning
lgorithms (Eriksen et al. 2020 ; Soo et al. 2021 ; Cabayol et al. 2023 ),
o v ering an area of ∼1.5 deg 2 , down to i AB < 22 . 5 in the case of
riksen et al. ( 2019 , 2020 ) and Soo et al. ( 2021 ) and i AB < 23 in the
ase of Alarcon et al. ( 2021 ) and Cabayol. et al. ( 2023 ). Here, we
im to release photometric redshift results for ∼1.8 million objects 
n 51 deg 2 down to i AB < 23, with redshifts from 0 to 2. 
The photometric redshifts we present here have already been used 
or scientific purposes, such as the study of the D4000 spectral
reak index in PAUS (Renard et al. 2022 ), the identification of close
alaxy pairs and the determination of their mean mass (Gonzalez 
t al. 2023 ) and the e v aluation of the capability prediction of semi-
nalytical galaxy formation models using the spectroscopic samples 
resented in this work (Manzoni et al. 2024 ). In Wittje et al. (in
reparation), they simulate the PAUS fluxes using the Flagship 
imulation (Potter, Stadel & Teyssier 2017 ) and include a comparison
etween the performance of the photometric redshifts computed from 

he simulation and the estimates presented in this work. Here, we
im to describe the process of obtaining the new photo- z for the
eep wide fields of PAUS and study their performance as a function
f magnitude, redshift, colour, and photometric quality. Rele v ant 
rojects will be performed thanks to the PAUS data presented in
his paper, such as the study of the intrinsic alignments of galaxies
D. Navarro-Giron ́es et al. in preparation) or the study of galaxy
lustering through density maps (Gonzalez et al. in preparation), 
mongst others. 

The structure of this paper is as follows. In Section 2 , we present
he data we will use to obtain the fluxes of the objects and the
pectroscopic information to validate the photometric redshifts. In 
ection 3 , we will explain the methodology used to obtain the photo-
, explaining the SED template-fitting code we have used and some
f the impro v ements and adaptations that we implemented to it. In
ection 4 , we will present and validate the photo- z, we will study its
erformance as a function of the galaxy colours and we will analyse
he p( z) distributions. Finally, in Section 5 , we will close with some
onclusions. 

 DATA  

.1 PAUS 

AUS is a photometric surv e y conducted at the William Herschel
elescope at El Roque de Los Muchachos, in the Canary Islands. The
AUCamera (Padilla et al. 2019 ) used a set of 40 NB filters ranging
rom 4500 to 8500 Å in steps of 100 Å with an FWHM of 130 Å. This
xceptional filter arrangement is designed to provide high-precision 
hoto- z, outperforming the precision achie v able with broad-band 
bservations. PAUS targets are comprised of the COSMOS field 
Scoville et al. 2007 ), which is mainly used for calibration and
alidation processes, the W1, W3, and W4 Wide Fields from 

he Canada–France–Hawaii Telescope Lensing Surv e y (CFHTLenS; 
eymans et al. 2012 ; Erben et al. 2013 ) and the GAMA G09 field,
hich o v erlaps with the Kilo-De gree Surv e y (KiDS; Jong et al.
013 ). The o v erlap between the W1, W3, and G09 fields with PAUS
bservations compose the PAUS deep wide fields, which we will refer 
o as PAUS wide fields for brevity. Fig. 1 shows the position in the
ky of the PAUS targets. In our study, we exclude the W4 field since
he observations made by PAUS in it are rather scarce. PAUS co v ers
n area of ∼43 deg 2 in all 40 NB and ∼51 deg 2 with a co v erage
f at least 30 NB, up to i AB = 23 and with ∼1.8 million objects
bserved (see Table 1 ). The number density of PAUS objects with
ccurately measured photo- z is � 3 × 10 4 per square degree. This
umber is large compared to current wide spectroscopic surv e ys, such
s GAMA (Driver et al. 2011 ) or VIPERS (Scodeggio et al. 2018 ),
ith number densities ∼ 10 3 , which are not as deep as PAUS and
sually not complete in magnitude. Although spectroscopic surv e ys 
an have more precise redshifts and larger area co v erage, PAUS
egime is useful when we need larger densities over wide fields,
ith photo- z that are more accurate than the ones obtained from
MNRAS 534, 1504–1527 (2024) 
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M

Figure 1. Position in the sky of the W1, W3, G09, and KiDZ-COSMOS 
fields used in this study. 

Table 1. Area with a minimum co v erage of 30 NB, number of objects up 
to i AB < 23, RA and DEC limits of the PAUS targets. 

Field Area 30 NB # objects RA limits DEC limits
(deg 2 ) (deg) (deg) 

W1 12.04 401 815 [32.3,38.5] [ −6.1, −4]
G09 15.7 663 535 [131,139] [ −1.7, 0.5]
W3 22.64 792 664 [209,219.5] [51.4, 55.6] 
KiDZ-COSMOS 1 1 13 380 [149.5,150.6] [1.7, 2.7] 
Total 51.38 1 871 394 - - 

1 KiDZ-COSMOS refer to objects from the COSMOS field with spectroscopic 
information, as will be explained in Section 2.3 
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Figure 2. Response of the filters used in this study as a function of the 
wavelength (nm) for the CFHTLenS (top) and the KiDS (middle) broad- 
bands and for the PAUS narrow bands (bottom). 
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road-bands. In combination with the 40 NB, PAUS observations
re complemented with BB photometry provided by CFHTLenS and
iDS, which are also used as reference samples because they are
eeper than PAUS (see Section 2.2 ). 

PAUS fluxes are measured by doing forced photometry o v er these
eference samples. This technique takes the positions and galaxy
hapes in the reference samples and measures the NB fluxes at these
xed positions. The objects in the PAUS wide fields are observed an
verage of 3 times, with av erage e xposure times of 2–3 min. These
bservations are later coadded at the catalogue level, obtaining the
ux and its error per object, which will be used for science. For a
etailed explanation of this procedure and the PAUS flux calibration,
e refer the reader to Serrano et al. ( 2023 ) and Castander et al.

 2024 ). 
Finally, the treatment of the data is carried out by the PAU data
anagement (PAUdm) team, located at Port d’Informaci ́o Cient ́ıfica

PIC). The responsibilities of PAUdm include the storage, data
eduction and accessibility of PAUS measurements to its members.
he PAU data base, where the data and metadata of PAUS measure-
ents and results are stored, is of utmost importance. For a detailed

escription of the design and responsibilities of PAUdm we refer the
eader to Tonello et al. ( 2019 ). 

.2 Broad-band photometry 

s explained in Section 2.1 , broad-band photometry is needed to
efine the positions in PAUS and also to add extra information coming
rom the BB fluxes. These BB photometric catalogues are also called
arent catalogues or reference catalogues, given that they define the
amples to be studied by PAUS. The Wide Fields from CFHTLenS
nd the GAMA G09 field from KiDS constitute the parent catalogues
sed by PAUS. 
The CFHTLS-Wide uses the wide-field imager, MEGACAM

Boulade et al. 2003 ), installed at Mauna Kea. Its field of view
NRAS 534, 1504–1527 (2024) 
o v ers 1 de g 2 in the ugriz ( y after the i filter broke) broad-band filters
p to a 5 σ limiting magnitude of i AB ≈ 25.5. The CFHTLS-Wide
bserves in the W1, W2, W3, and W4 fields, co v ering 157 de g 2 .
n particular, the CFHTLenS team was formed to conduct weak-
ensing studies and the measuring of the galaxy shapes was imple-
ented by the CFHTLenS shape measurement pipeline (Miller et al.

013 ). The best observing conditions were reserved for the i -band,
aking it the surv e y detection band. CFHTLenS multiband photom-

try was extracted from PSF-homogenised (Kuijken 2008 ) stacks
ith SEXTRACTOR (Bertin & Arnouts 1996 ) in dual-image mode
ielding high-quality colours for photo- z estimates (Hildebrandt
t al. 2012 ). 

KiDS is a wide-field imaging surv e y that uses OmegaCam (Kui-
ken 2011 ), which is installed at the ESO VLT Surv e y Telescope
Capaccioli & Schipani 2011 ) at the Paranal observatory. OmegaCam
as a field of view of 1 deg 2 in the ugri bands, with the r band being
he one used in best conditions to enable the precise measurement
f galaxy shapes. Matching objects between the fields observed
y KiDS and those observed by the VISTA Kilo-degree INfrared
alaxy (VIKING) surv e y (Edge et al. 2013 ), allows the addition
f VISTA’s five near-infrared broad-bands ZYJHK s . KiDS DR4
o v ers around 1000 deg 2 in the KiDS fields, KiDS-S, and KiDS-N.
n particular, KiDS-N o v erlaps with the G09 field of GAMA (Driv er
t al. 2011 ), which we will use in our study. The KiDS multiband
hotometry is extracted with the GAaP method (Kuijken 2008 ),
hich first convolves each image with a shapelet-based kernel to
ield a Gaussian PSF and then measures fluxes in Gaussian-weighted
lliptical apertures (Kuijken et al. 2019 ). 

Fig. 2 shows the filter response as a function of the wavelength
f the NB used by PAUS (lower panel) and the BB used by both
FHTLenS (top panel) and KiDS (middle panel). The wide co v erage

n wavelength of both broad and narrow bands used in this study
s one key component that allows highly accurate determination
f the photometric redshifts. The narrow band wavelength range
450 –850 nm) o v erlaps with the g, r , i, y and, partially, z CFHTLenS
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Figure 3. Number counts in the three PAUS wide fields as a function of i AB , 
where i AB ≡ i AB, CFHTLenS = i AB, KiDS − 0 . 1 for the cut at i AB, KiDS = 23 . 1. 
The fact that the number counts for the G09 field are very similar to those for 
the W1 and W3 fields o v er the considered magnitude range, indicates that the 
limit imposed at i AB, KiDS = 23 . 1 in the selection is appropriate. Alternative 
cuts in the G09 field yielding different number counts than the W1 and W3 
fields are shown in dashed lines. 
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B and by the g, r , i and Z KiDS BB, while the rest of the BB widen
he wavelength coverage of PAUS narrow bands. 

The CFHTLenS i-band filter broke and was replaced by a similar
lter that was labeled as the y band. For objects that were not
easured with the i band (which amount to 6.3 and 11.5 per cent

n the W1 and W3 fields, respectively), we will use y-band measure-
ents and employ the y filter to compute the photometric redshifts.
evertheless, when studying the performance of the photometric 

edshifts as a function of the magnitude, we will refer to both
ases as i AB , that is, not differentiating between i and y magnitudes,
hich is a good approximation taking into account how similar the 

ransmission curves are for the i and y bands in the top panel of
ig. 2 . Another important aspect to take into account is that the filter
esponse functions and the wavelength range co v ered by the i bands
sed in CFHTLenS and KiDS are not the same. As a result, the i AB 

f both systems is defined slightly differently. In order to select a
imilar population for all fields, we need to find a relation between
 AB, KiDS and i AB, CFHTLenS (the i AB magnitude in the KiDS and the 
FHTLenS systems, respectively). This relation is established by 

tudying the number counts ( N ) of the PAUS wide fields and
etermining what is the selection cut to be applied at i AB, KiDS that
orresponds to the same number count at i AB, CFHTLenS = 23. Fig. 3
hows the number counts for the three PAUS wide fields as a function
f the magnitude i AB, CFHTLenS , which from now on we will refer to
s i AB , if not specified otherwise. We find that applying a cut at
 AB, KiDS = 23 . 1 and redefining i AB ≡ i AB, CFHTLenS = i AB, KiDS − 0 . 1
ives reasonably similar number count values between the G09 and 
he W1 and W3 fields o v er the whole magnitude range. Ho we ver,
here are still some differences between the G09 counts and those in
he W1 and W3 fields that may be due to the different definitions
sed for the i band (given that the area of the fields is relatively
mall this could also be due to sample variance). This indicates
hat a comparison of the photo- z performance between fields as a
unction of i AB is not straightforward, as we can see in Appendix A .
n order to justify that the cut we applied at i AB, KiDS = 23 . 1 is the
ost appropriate, we show alternative cuts at i AB, KiDS = 23 and

 AB, KiDS = 23 . 2 (redefining i AB = i AB, KiDS − 0 . 2 in this case), in
ashed lines, where the former cut exhibits lower number counts 
han the W1 and W3 fields for all i AB and the latter cut presents a
igher number count than W1 and W3 at i AB > 21 . 5, which is the
egion with the largest number of objects. 

To perform the analysis, we remo v e from the reference catalogues
he objects with bad quality photometry or those classified as stars.
n the case of CFHTLenS, we exclude stars by setting the star flag
 0 and the mask from CFHTLenS less or equal than 1. In the case

f KiDS, we set sg flag = 0 and sg2dphot = 1 to remo v e stars. We
lso apply a series of masks related to the detection band r , which
erform a stellar masking, mask due to saturation, trim and account
or chip gaps, void mask and asteroids. Fig. 4 shows the distribution
f galaxies as a function of RA and Dec. in the W1, W3, and G09
elds coloured by the fluctuations in the number density of objects
defined as the ratio between the number of objects and the area),
fter applying the reference catalogue masks and star flags. Here, the
uctuations are computed as 1 

σ

(
n 
μ

− 1 
)
, with σ and μ corresponding, 

espectively, to the σ68 and the median value of the number density, n .
t is interesting to observe the angular clustering of galaxies through
he o v erdensities (red re gions) and voids (bluer re gions). 

We also apply an extinction correction to the fluxes ( φ) that takes
nto account the Milky Way extinction: 

corr = φuncorr 

1 

C 0 · E( B − V ) 2 + C 1 · E( B − V ) + C 2 
, (1) 

here the E( B − V ) values are extracted from the Planck Collabo-
ation XI ( 2014 ) dust map and C 0 , C 1 , and C 2 are band dependent
xtinction coefficients. 

The fluxes from the reference catalogues were already extinction 
orrected by the CFHTLenS and KiDS teams, while the PAUS fluxes
ere not. To apply the same extinction method in all bands, we first

dded the extinction that was already corrected for in the broad-bands
nd later corrected all NB and BB using the Milky Way extinction
odel defined in equation ( 1 ). 

.3 Spectroscopic data 

pectroscopic redshifts (spec- z) are essential for validating the 
hoto- z performance. This validation involves comparing the spec- 
roscopic redshifts, which have greater accuracy, with their photomet- 
ic counterparts. We refer to the subsamples with spec- z information
s validation samples, which are defined after applying the surv e y
ask and the stellar flags mentioned in Section 2.2 . Due to the wide

ngular separation of the PAUS wide fields, we need spectroscopic 
ata from different galaxy surv e ys. The properties of the main
pectroscopic redshift surv e ys included in this analysis are described
n the following lines: 

(i) The Sloan Digital Sky Survey (SDSS) is a wide-area spectro- 
copic surv e y conducted at the Apache Point Observatory (APO)
nd Las Campanas Observatory (LCO). We use data from the DR16
Ahumada et al. 2020 ), with redshifts ranging from 0 to 1.1 and
ag- i limit ∼22. We select galaxies based on the flag CLASS
= ‘GALAXY’ and zWarning == 0, indicating that there are not

nknown associated problems. 
MNRAS 534, 1504–1527 (2024) 
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Figure 4. Angular distribution of galaxies in the W1, G09, and W3 fields after applying the reference catalogue star flags and masks, which remo v e stars and 

objects not well identified or with bad photometry. The colour code indicates the fluctuations in the number density of objects ( n ), 1 
σ

(
n 
μ

− 1 
)

, such that σ and 

μ correspond, respectively, to the σ68 and the median value of n . 
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(ii) The Galaxy and Mass Assembly (GAMA) (Hopkins et al.
013 ) spectroscopic surv e y observ ed galaxies o v er ∼286 de g 2 with
 flux limit of mag- r= 19 . 8 and a redshift distribution that extends to
 = 0 . 5. We use the DR3 (Baldry et al. 2017 ), which mainly co v ers
ntil redshift 0.5 and we select the best spectroscopic redshifts by
etting the quality parameter nQ > = 3. 
NRAS 534, 1504–1527 (2024) 
(iii) The VIMOS Public Extragalactic Redshift Surv e y (VIPERS)
Scodeggio et al. 2018 ) was performed at ESO’s Very Large Tele-
cope (VLT) in Chile. The surv e y magnitude limit is i ab = 22 . 5
nd co v ers a redshift range of 0 . 5 < z < 1 . 2 (as targets are colour
elected to lie in this range) o v er an area of ∼23.5 deg 2 . The redshift
uality flag 3 ≤ zflg ≤ 4 is applied. 
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Table 2. Main spectroscopic redshift surv e ys used in the W1, W3, and G09 
fields. The first column gives the name of each spectroscopic surv e y. The 
second, third and fourth columns give the number of spectroscopic redshifts 
in each field. 

Surv e y W1 W3 G09 

SDSS 5437 8018 1213 
GAMA 8884 0 4704 
VIPERS 21 378 0 0 
DEEP2 0 6969 0 
KiDZ-COSMOS 0 0 11 854 
2dFGRS 2662 0 0 
VVDS 2216 0 0 
3DHST 933 707 0 
Miscellaneous 1193 130 0 

Total 42 703 15 824 17 771 

 

2  

s  

z

z

(
fi
2
2  

z  

n

(
O
w  

g  

b

 

i  

3
 

w
f  

p  

s  

w  

V
fi  

t  

d  

f  

s  

o  

c
b

 

f

2

2
e
2

Figure 5. i AB magnitude (top) and redshift (bottom) distributions of the 
validation and the photometric samples for W1, G09, KiDZ-COSMOS and 
W3 (from left to right, as labelled in the top row panels). For the validation 
samples, the redshift shown in the lower panels corresponds to spec- z, while 
for the case of the photometric samples, it corresponds to photo- z. The 
validation sample of the G09 field does not co v er the necessary range either 
in i AB or spec- z, making it unsuitable for validating the G09 photometric 
redshifts by itself. The co v erage in i AB and spec- z for KiDZ-COSMOS 
complements that for the G09 field and allows it to co v er deeper regions. 
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(iv) The DEEP2 redshift surv e y (Davis et al. 2003 ; Newman et al.
013 ) used the DEIMOS spectrograph at the Keck-II telescope. This
urv e y co v ers ∼2.8 de g 2 in four fields and observ es objects out to
 ∼ 1 up to a limiting magnitude R AB = 24 . 1. The quality flag 3 ≤
quality ≤ 4 is applied. 

(v) KiDZ-COSMOS objects are extracted from the KiDS DR5 
Wright et al. in press) spectroscopic sample in the COSMOS 

eld. They are mainly provided from G10-COSMOS (Davies et al. 
014 ), a re-reduction of the zCOSMOS-bright sample (Lilly et al. 
007 , 2009 ), which co v ers 1.7 de g 2 up to i AB < 22 . 5 and 0 . 1 <
 < 1 . 2. All objects have high quality spectroscopic redshifts with
Q > = 3. 
(vi) The 2dFGRS (Two-degree Field Galaxy Redshift Survey) 

Colless et al. 2001 ) was observed from the Anglo-Australian 
bservatory and used the 2dF spectrograph (Lewis et al. 2002 ), 
hich co v ers a 2 de g diameter field of view. It measured ∼250 000
alaxies, co v ering an area of 2000 deg 2 with a limiting magnitude of
 J ∼ 19 . 45 and a median redshift of z = 0 . 11. 
(vii) The VIMOS VLT DEEP Surv e y (VVDS) (F ̀evre et al. 2013 )

s a magnitude limit spectroscopic redshift surv e y that has observed
4 594 objects with spec- z from 0 ≤ z ≤ 6 . 7 up to i AB ∼ 24 . 75. 
(viii) The 3D- HST (Brammer et al. 2012 ) is a spectroscopic surv e y

ith the Hubble Space Telescope specially designed to study galaxy 
ormation at 1 ≤ z ≤ 3 . 5. It presents a 5 σ signal-to-noise ratio (SNR)
er resolution element up to H 140 ∼ 23 . 1, the F140W filter imaging.

Table 2 shows the number of objects of the main spectroscopic 
urv e ys from which the data are taken to validate the three PAUS
ide fields. The W1 field from CFHTLenS is mainly co v ered by
IPERS, GAMA, SDSS, VVDS, 2dFGRS, and 3D- HST . The G09 
eld is co v ered by GAMA and SDSS. Ho we ver, as will be seen at

he end of this section, some objects from the COSMOS field, which
oes not co v er G09, are also used to validate that field. The reason
or this is that both COSMOS and G09 photo- z are run within the
ame photometric system, as will be explained below . Finally , W3
 v erlaps with DEEP2, SDSS, and 3D- HST . Another 1323 redshifts
ome from miscellaneous sources 2 not included in Table 2 for 
revity. 
Fig. 5 shows the distribution of i AB and spec- z, in filled histograms,

or the objects with spectroscopic redshifts for the three fields under 
 The miscellaneous sources are mainly composed by UDSz (Bradshaw et al. 
013 ; McLure et al. 2013 ), C3R2 (Stanford et al. 2021 ), IMACS (Dressler 
t al. 2011 ), VANDELS (Garilli, B. et al. 2021 ), and SAGA (Geha et al. 
017 ). 
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f  
tudy, compared with the i AB and photo- z distributions, in empty
istograms, for all the objects, that is, the photometric sample. 
he shape of the spectroscopic distributions is important when 
ssessing the photometric redshift performance in each field as a 
unction of i AB or spec- z. Low counts in a given bin may lead to
oor statistics in the determination of the performance. Ideally, the 
istribution of the validation samples should be very similar to the
hole catalogue. Ho we ver, this is not al w ays possible due to the lack
f spectroscopic redshifts available. In the case of the W1 and W3
elds, the spectroscopic distributions look quite similar in terms of 
 AB and redshift, with the exception that there is a drop-off in the
umber of objects for the last magnitude bin ( i AB ∼ 22 . 5) in the W1
eld that is not present in W3, where the number of objects abo v e
 AB ∼ 21 remains fairly constant. In the case of the G09 validation
ample, one can see that the co v erage in both i AB and redshift is quite
oor. 
The G09 validation sample barely goes beyond i AB ∼ 21 and spec-

roscopic redshift ∼0.75. This poses a challenge when validating the 
erformance of the photo- z in this field. To o v ercome this problem,
e indirectly validate the G09 field by computing new photometric 

edshifts in the COSMOS field, using KiDS as a reference catalogue
nd using its broad-band photometry (we will refer to this catalogue
s KiDZ-COSMOS). This validation is possible because both PAUS 

nd KiDS observe in the COSMOS field. By doing that, we are using
he same photometric system either in the G09 and KiDZ-COSMOS 

elds. We also compute these photo- z using the same magnitude
epth in both cases. This validation process will be addressed in
etail in Section 3.5 . The number of KiDZ-COSMOS objects (listed
n Table 2 ) nearly doubles the number of objects in the G09 validation
ample. 

Fig. 5 shows that KiDZ-COSMOS co v ers a range in i AB and spec-
 not co v ered before by the G09 field, allowing us to span the i AB 

nd the spectroscopic ranges of the W1 and W3 fields. Ho we ver,
he combined G09 and KiDZ-COSMOS validation samples, have a 
ronounced peak at i AB ∼ 19 and the spec- z distribution is different
rom the W1 and W3 cases. This fact may result in a more intricate
MNRAS 534, 1504–1527 (2024) 
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omparison of the G09 field’s performance in relation to the W1 and
3 fields. 
It is also important to note that the co v erage in spec- z for all

hree fields decreases drastically beyond z s = 1. For this reason,
e will restrict our validation to z s < 1 . 5 in Section 4 . This is a

hallenge to validate our results, since the photo- z code we use
llows us to compute redshifts until z b = 2. However, due to the
agnitude limit at i AB = 23, there will not be that many objects

t z b > 1 . 5. 

 M E T H O D O L O G Y  

.1 BCNZ 

he estimation of the photo- z is performed using a template based
ode called BCNZ (Eriksen et al. 2019 ), in which the observed
ux of a galaxy is fitted against a linear combination of redshift-
ependent templates. This code has been specifically designed to
rocess the information coming from both the NB and BB data,
lso incorporating emission lines. In what follows, we will briefly
xplain how BCNZ computes the photometric redshifts (for a detailed
xplanation see Eriksen et al. 2019 ). 

For each galaxy, the probability redshift distribution is obtained
ia: 

( z) ∝ 

∫ 

α1 ≥0 
d α1 · · ·

∫ 

αn ≥0 
d αn e 

−0 . 5 χ2 ( z,α) p prior ( z, α) , (2) 

here αi corresponds to the amplitude of template i = 1 , . . . , n ,
 prior is the form of the priors and χ2 is defined as: 

2 ( z, α) = 

∑ 

i, NB 

(
φobs 

i − l i kφmodel 
i 

φerr ,i 

)2 

+ 

∑ 

i, BB 

(
φobs 

i − l i φ
model 
i 

φerr ,i 

)2 

, 

(3) 

here φobs 
i and φmodel 

i are the observed and modelled fluxes in band
, respectively; φerr ,i is the error on φobs 

i and k and l are calibration
arameters. 
On the one hand, k is intended to calibrate between the NB and

B fluxes for each galaxy and can be easily obtained by taking the
eri v ati ve of χ2 (equation 3 ) with respect to k. On the other hand, the
arameter l acts as a global calibration factor (zero-point) per band.
his zero-point calibrates the offset between the observed fluxes and

he best-fitting model and is defined as: 

 i = Median [ φmodel 
i /φobs 

i ] . (4) 

In order to compute the photo- z, χ2 is minimized as a function of a
et of template amplitudes on a redshift grid co v ering 0 . 01 < z < 2,
ith a resolution of 0.001, so each galaxy has a corresponding bes-
tting template from which the redshift probability density p( z) is
omputed. The photometric redshift that is assigned to each object
orresponds to the peak of the p( z) distribution, which we label as
 b . 

The templates we employ in our photo- z estimation are the same
s in Eriksen et al. ( 2019 ). They include templates for elliptical and
ed spiral galaxies, star -b ust galaxies are introduced following BC03
Bruzual & Charlot 2003 ) models, with ages ranging from 0.03 to
 Gyr. Additional BC03 templates with different ages and metallicites
re also introduced. Emission lines are modelled for star -b ust galaxies
nd their galactic extinction is accounted for following the Calzetti
aw (Calzetti et al. 2000 ). 

BCNZ provides some photo- z quality parameters that allow the
alaxies with the best photo- z to be selected, which might be
NRAS 534, 1504–1527 (2024) 
dvantageous for some applications. For a full description of the
ifferent quality parameters, see Eriksen et al. ( 2019 ). Here, we have
hosen to use the parameter Q z , (equation 5 ), since it is a combination
f other quality parameters: 

 z ≡ χ2 

N f − 3 

( 

z 99 
quant − z 1 quant 

ODDS 

) 

, (5) 

here χ2 corresponds to equation ( 3 ), N f is the number of filters,
 

n 
quant are the nth percentile of the posterior distribution and ODDS
s defined as: 

DDS = 

∫ z b + �z 

z b −�z 

d z p( z) , (6) 

here �z = 0 . 035. This last parameter quantifies the probability that
s located around the peak of p( z), that is, z b . 

We present a study of the performance of the PAUS wide fields as
 function of Q z in Appendix B , showing that the photo- z quality is
orrelated with Q z . 

.2 New calibration of l 

ne impro v ement that has been made to the BCNZ code is related
o the estimation of l, the zero-point per band in equation ( 4 ). In
rder to compute l, a comparison between the observed flux and the
est fitting model is needed, so one has to e v aluate the best-fitting
odel o v er the whole redshift range. Since this is computationally
 xpensiv e, in Eriksen et al. ( 2019 ) they defined a calibration sample
or objects with spectroscopic redshifts and good photometry and
nly e v aluated the best-fitting model at the spectroscopic redshift
f these objects, to later apply l to the whole sample. We will refer
o this method as the spectroscopic calibration. This restricts the
echnique to be applied only when spectroscopic redshift information
s available. Another disadvantage of this method arises from the
otential selection bias between the spectroscopic sample and the full
atalogue. This could lead to an o v erestimation or underestimation
f the proportion of objects, either in terms of magnitude or redshift,
hich might result in the application of a non-representative zero-
oint to the whole sample. Finally, the spectroscopic sample is used
oth to calibrate l and to validate the photo- z, establishing a potential
ependency in both steps. In order to alleviate these problems, we
ropose a new methodology to compute the zero-point. 
Instead of computing the best-fitting model at the spectroscopic

edshift of each source in the calibration sample, the new technique
ses an iterative approach. In the first iteration, l is set to one for all the
ands and the photo- z are computed. In the next iteration, the best-
tting model is e v aluated at the photo- z computed in the previous

teration and BCNZ is run again, setting l according to equation ( 4 ).
his iteration is performed five times in total, and it has been shown

o be sufficient to reproduce the photo- z accuracy obtained by the
re vious spectroscopic calibration, sho wn in Fig. 11 (which will be
iscussed in Section 4.1 ). In order to better determine the zero-points,
e also split the catalogue into 6 i AB bins containing equal numbers
f objects and we compute the zero-points for each of these sub-
amples. This way, we can better take into account the differences
n the sample in terms of magnitude. We tried different approaches
o divide the sample, such as using different numbers of magnitude
nd/or redshift bins, but found that the best solution is to divide it in
 i AB bins. 
The calibration sample used in this ne w iterati ve approach is

efined so that the objects with poorer photometry are discarded.
or each field, the survey mask of the reference catalogue is applied,
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Figure 6. NB and BB (marked with a background grey colour) l zero-points computed with the iterative (solid lines) and the spectroscopic (dashed line) 
calibration for the W1 field. The local trend per band for both cases is very similar. The spectroscopic calibration zero-point is much alike to the zero-point 
of the brightest bin in magnitude in the iterative calibration, since the majority of the objects in the spectroscopic calibration sample are in that range. In the 
iterative calibration method, variations in l for the different i AB bins show that this method is able to capture the particular behaviour of each i AB subsample. 
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tars are rejected and only objects observed in the 40 NB are kept
or the calibration step. To reduce the computational time, we also 
ownsample the calibration sample to consider 10 per cent of the 
bjects in the whole catalogue. This is done except for the last
teration, where we apply l to the full sample and compute all the
hotometric redshifts, extending the sample by not accounting for 
he surv e y mask and including objects previously classified as stars
nd with a co v erage of at least 30 NB. 

Fig. 6 shows the zero-points for the iterative (solid lines) and the
pectroscopic (dashed line) calibration as a function of the 40 NB
nd the BB (differentiated from the NB with a background grey 
olor) of the W1 field (similar trends are obtained for the other fields
nalysed). In the case of the iterative calibration, the distribution of
he zero-points for the different magnitude bins follows a local trend 
er band, as expected, while preserving their differences. The peaks 
nd off-peaks illustrate the corrections that need to be made in each
and in order to fit the modelled flux. A similar local trend for the
 factor can be seen in the spectroscopic calibration method, which 
 alidates the ne w method. Note that, the spectroscopic case closely
ollows the line corresponding to the brightest magnitude bin (blue 
ine), since that is the bin containing the majority of objects in the
pectroscopic calibration sample. 

.3 Metrics 

he metrics that quantify the performance of the photometric 
edshifts are presented in this section. These metrics are based on 
 z , which is defined as: 

 z = 

z b − z s 

1 + z s 
, (7) 

here z b and z s correspond to the photometric and spectroscopic 
edshifts, respectively. This quantity quantifies how accurately the 
hoto- z are estimated in comparison with the spec- z. Note that, the
etrics associated with � z will only be available for objects with 

pec- z information. 
We define σ68 of the quantity � z as: 

68 = 

P [84] − P [16] 

2 
, (8) 

here P[ x] corresponds to the percentile x of the � z distribution. 
In this work, an object is considered to be an outlier if it satisfies

he following condition: 

| � z | > 0 . 1 . (9) 

Finally, the bias shows the systematic difference between the 
pectroscopic and photometric redshifts and is defined as the median 
f the difference: 

= med ( z b − z s ) . (10) 

The centralized scatter, σ68 , and the outlier fraction of the quantity
 z , and the bias of z b − z s will be quantified as a function of the i AB ,

he spectroscopic and the photometric redshift. 

.4 Weighted photo- z 

e obtain that, for very faint objects ( i AB > 22 . 5), the performance
f the photo- z computed using the PAUS NB + BB does not impro v e
ompared to the photo- z computed using BB photometry only. This
s explained by the low SNR of the PAUS photometry for these faint
bjects. This low SNR is due to the fact that the noise in the NB is
ominated by (Poisson) sky noise abo v e i AB > 22 . 5, whereas the BB
uxes correspond to much deeper exposures. Additionally, the BB 

ollect light o v er a wav elength range an order of magnitude higher,
ntegrating more signal. All this is illustrated by Fig. 7 , where the
NR, the flux ( φ) and the flux error ( φerr ) for the W3 field are shown
the case of W1 is similar, although not shown here for brevity).
n the one hand, the errors in the NB flux stay almost constant for
bjects fainter than i AB ∼ 20, while the errors in the BB decrease
 v er the full i AB range. On the other hand, the fluxes for both NB
nd BB continuously decrease as a function of i AB . This combination
akes the SNR of the NB to decrease as we reach fainter magnitudes,
MNRAS 534, 1504–1527 (2024) 
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Figure 7. SNR, flux ( φ) and flux error ( φerr ) (from left to right) of the W3 field for the broad-bands and the narrow bands. The SNR of the broad-bands stays 
fairly constant for the entire i AB range, since both the BB flux and flux errors continuously decrease. In the case of the narrow bands, the SNR decreases as the 
objects become fainter, which is caused by the constant NB flux errors at faint magnitudes. 

Figure 8. σ68 (top), outlier fraction (middle) and bias (bottom) as a function of i AB (left) and z b (right) for the photometric redshifts in the W3 field. The z b 
computed from BPZ (using only BB) are shown in blue, the ones computed by BCNZ (using NB + BB) in dashed black lines and the weighted combination 
of BCNZ and BPZ photo- z ( BCNZ w) in solid black lines. Each bin is defined to contain an equal number of objects. For bright objects, z b, BCNZ have better 
performance in terms of smaller values of σ68 , outlier fraction and bias. However, for fainter objects ( i AB > 22 . 5), z b, BPZ has better accuracy in terms of σ68 

and outlier fraction. The weighted combination of BCNZ and BPZ yields the best o v erall photo- z performance in terms of σ68 , outlier fraction and bias. 
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ropping to SNR values ∼1–3 beyond i AB ∼ 22 . 5, while the SNR of
he BB stays almost constant. For the brighter objects, the slope of
he narrow bands SNR is shallower because there are more objects

easured as extended. The case for the G09 field is slightly different
egarding the BB flux errors. We include a study on the different SNR
nd photo- z performance between the W1/W3 and the G09 fields in
ppendix A . 
In order to see how the differences in SNR between NB and BB

ffect the estimation of the photo- z, the top panels of Fig. 8 show
NRAS 534, 1504–1527 (2024) 
he σ68 as a function of i AB and z b for the photo- z estimated from
B + BB (dashed black line) and BB-only (blue line) for the W3
eld (similar trends are observed for the W1 and G09 fields). At
igh SNR (i.e. for bright galaxies), the accuracy depends linearly on
he width of the filters, reducing the σ68 by a factor of 10 (from few
0 −2 to few 10 −3 ) when using NB, which are a factor of 10 narrower
han the BB. Also, note how the left panel of Fig. 7 and the top left
anel of Fig. 8 , which respectively show the SNR in the different
lters and the σ as a function of i , look like the reverse of each
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ther. This indicates that the degradation of the photo- z performance 
ith magnitude is mostly driven by the SNR decrease. We have 
erified that this is indeed the case by doing different data reductions
ith a different number of exposures (see fig. 26 in Serrano 

t al. 2023 ). 
It is important to highlight that the BB photo- z were estimated by

he CFHTLenS and KiDS teams (Hildebrandt et al. 2012 , Kuijken 
t al. 2019 ) using a different photo- z code ( BPZ ; Ben ́ıtez 2000 ) which
as optimized for BB filters (for a detailed comparison with BCNZ;

ee Eriksen et al. 2019 ). We will refer to the photo- z computed using
nly BB as z b, BPZ , and the photo- z computed with NB + BB as
 b, BCNZ . Even when the BB and NB + BB estimates share some of
he same data, the choice of templates, method, and optimization 
akes the two estimates fairly independent. This is illustrated in 
ig. 8 , which also shows the inverse variance weighted photo- z 
solid black line), combining the BB and NB + BB cases, defined
s: 

 b, BCNZ w = 

z b, BCNZ · w BCNZ + z b, BPZ · w BPZ 

w BCNZ + w BPZ 
, (11) 

here the weight w = 1 /σ 2 
68 ,i AB 

is given by the corresponding σ68 

alues of the photo- z of BCNZ or BPZ as a function of i AB in Fig. 8 . The
eighting of z b, BCNZ and z b, BPZ allows us to obtain a new z b, BCNZ w ,
hich closely follows the scatter of the photo- z from z b, BCNZ for
bjects brighter than i AB = 22 . 5. When the performance of z b, BCNZ 

ubstantially decreases, z b, BCNZ w follows the performance of z b, BPZ . 
lso, at the intersection between the NB + BB and the BB cases, the
e w z b, BCNZ w sho ws slightly better σ68 than either of the other two
ases. Note that, the inverse variance weighting method is the optimal 
ombination of two (or more) variables with independent errors, thus 
inimizing the variance of the weighted estimate. This assumption 

f independence is an approximation, since some correlation may 
xist between the BCNZ and BPZ estimates. 

The bottom panel in Fig. 8 shows the bias as a function of i AB 

nd as a function of z b . We note that z b, BPZ presents a larger bias
han z b, BCNZ . In order not to transfer that bias into our weighted
stimate, we subtract the bias from z b, BPZ before applying the inverse 
eighting technique. By doing that, we end up with a similar bias
etween z b, BCNZ and z b, BCNZ w . 

Fig. 9 shows the scatter plot of photo- z versus spec- z of the three
AUS wide fields for the two photo- z versions, unweighted ( BCNZ ,
eft) and weighted ( BCNZ w, right), of the NB + BB estimates. An
ssue that is solved by the inverse weighted photo- z is the fact that, a
mall fraction ( ∼2 per cent in the W1 and W3 fields and ∼3 per cent in
he G09 field) of the photo- z computed with BCNZ having z s > 0 . 75
or W1 and W3 and z s > 0 . 85 for G09, have a wrongly assigned
alue close to z b � 0 . 72 or z b � 0 . 89, respectively. This creates a
orizontal stripe (or focusing) in the z b versus z s plots (left panel
n Fig. 9 and upper panels in Fig. A1 to see each field in detail).
his redshift focusing effect occurs when the prior dominates the 
osterior probability distribution in the low SNR case. In this case, a
arge number of objects are assigned the peak value of the prior, which
eads to artificial peaks in the redshift histograms (Hildebrandt et al. 
012 ). Even though some small focusing effect is expected when 
omputing photo- z, the cases at z b � 0 . 72 and z b � 0 . 89 become an
ssue for us. Because of the different priors and libraries of SED and
mission lines (see Eriksen et al. 2019 for details), the focusing effect
s different in the two photo- z codes. Therefore, the focusing issue
s much dissipated in the newly defined z b, BCNZ w (compare left and 
ight panels of Fig. 9 ). 

Ho we ver, for the G09 and the KiDZ-COSMOS fields, the peak of
bjects at z b � 0 . 89 is not completely dissipated by z b, BCNZ w , so that
n artificial excess of objects at that redshift remains. In the case of
he G09 field, we found that some of those outliers correspond to
bjects for which the BB photo- z are higher than 4, so we remo v ed
rom the sample all objects with z b, BPZ > 4, which accounted for
1 per cent of the G09 objects. The remaining outliers ( ∼2 per cent

nd ∼1 per cent of the total sample in the G09 and KiDZ-COSMOS
elds, respectively) were not removed, but instead their photometric 
edshift were substituted by the BB photo- z provided by KiDS. Since
hose redshifts have a resolution of 0.01 and BCNZ has a resolution
f 0.001, we applied a normal random distribution with a σ = 0 . 01
o disperse them around their initial value, matching the resolution 
f BCNZ -like photo- z. 
Taking these two factors into account, that is, the low SNR

n the NB for faint objects and the horizontal stripe around
 b, BCNZ ∼ 0 . 72 and z b, BCNZ ∼ 0 . 89, we will study the performance
f the BCNZ photo- z and the BCNZ weighted photo- z and compare
hem. 

.5 Validating the G09 field with KiDZ-COSMOS 

s mentioned in Section 2.3 , the validation sample in the G09 field
s not adequate neither in terms of i AB nor spec- z co v erage, and is
herefore very limited to assess the performance of the G09 photo- z.
or that reason, a ne w v alidation sample is introduced named KiDZ-
OSMOS, which co v ers a range of i AB magnitude and spec- z not
o v ered before. These objects lie in the COSMOS field and were
bserved by KiDS, so their photometry is equi v alent to the objects
bserved in the G09 field. 
For this test, the positions of the objects in COSMOS are defined by

sing forced photometry with the KiDZ-COSMOS catalogue, which 
llows us to measure the PAUS NB fluxes and their errors. Although
n the COSMOS field PAUS usually does an average of 5 single
xposures before coadding, for the purpose of this test, we limit the
verage number of single exposures to 3, since this is the average
umber for the PAUS wide fields. Once the forced photometry is
one, the photo- z are measured using the NB and BB ( ugrizYJHK s )
rom KiDZ-COSMOS. 

Fig. 10 shows the performance of the photometric redshifts as 
 function of i AB for the G09 and the KiDZ-COSMOS validation
amples. Since the i AB range of both samples is complementary 
G09 co v ers most of the bright objects, while KiDZ-COSMOS co v ers
he faintest), each one allows us to determine the performance for
ifferent magnitude ranges. At the magnitude where both validation 
amples meet, they present similar σ68 values, as expected for objects 
bserved with the same photometric survey. 
Finally, from now on we will use the G09 + KiDZ-COSMOS

alidation sample as the standard for G09 and will refer to it only as
he G09 validation sample, unless indicated otherwise. 

 P H OTO -  z C ATA L O G U E S  

n this section, the photometric catalogues are presented in detail. 
irst, in Section 4.1 , the new calibration technique is validated. Later,

n Section 4.2 , a comparison of the radial distribution of the PAUS
ide fields and the performance of the photo- z are shown. Next, in
ection 4.3 , a detailed analysis is performed as a function of the
alaxy colours. Finally, in Section 4.4 , we study the p( z) distribution
btained by BCNZ . 
We publish the photo- z studied in this work in CosmoHub

Carretero et al. 2017 ; Tallada et al. 2020 ), which can be accessed
hrough this link: https:// cosmohub.pic.es/ catalogs/ 315 . Table D1 
MNRAS 534, 1504–1527 (2024) 
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Figure 9. Photometric redshift versus spectroscopic redshift for the BCNZ photo- z (left) and the BCNZ w photo- z (right), that is, when the inverse variance 
weighting is applied, for the 3 PAUS wide fields combined. The colour bar indicates the density of objects. The horizontal stripes at z b ≈ 0 . 72 and z b ≈ 0 . 89 
are dissipated when weighting with the BPZ photo- z, computed only with broad-bands. 

Figure 10. σ68 ( � z ) as a function of i AB for the G09 and the KiDZ-COSMOS 
validation samples. While G09 can be used to validate the bright end of i AB , 
KiDZ-COSMOS validates the faintest objects. In the magnitude range where 
both validation samples meet ( i AB ∼ 20 . 5), the σ68 of both cases intersect, 
showing similar performances. 
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hows the name and the description of the columns included in this
atalogue. 

.1 Iterati v e v ersus spectroscopic method 

n Section 3.2 , we introduced a new calibration technique of the zero-
oint l (see equation 4 ) that consisted of an iterative approach, where
 was set to 1 in the first iteration and updated by the photometric
edshifts computed in the previous iteration. This method was in
NRAS 534, 1504–1527 (2024) 
ontrast with the earlier one used by BCNZ , where the calibration
as performed via a subset with spectroscopic redshifts. Thus, this
e w technique allo ws to calibrate the photo- z estimation even when
here are not spectroscopic redshifts available. It is also important
o note that the previous calibration method used the same objects
ith spectroscopic redshifts to calibrate and validate the photo-

, so that both steps of the photo- z estimation process were not
ndependent. 
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Table 3. Number of objects with photometric 
redshifts, area, number density and average 
σ68 of the z b BCNZ and BCNZ w for the PAUS 
wide fields observed by PAUS. These values 
correspond to objects observed with at least 30 
NB, after applying the mask and rejecting stars. 

# objects 1 241 047 

Area [deg 2 ] 40.99 
Number density [deg −2 ] 30 277 
BCNZ σ68 0.020 
BCNZ w σ68 0.021 
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Figure 12. Photometric redshift distributions divided by the area as a 
function of z b for the PAUS wide fields. The output of BCNZ and the inverse 
variance weighting ( BCNZ w) cases are shown. The BCNZ w photo- z do not 
show the artificial peaks seen in the redshifts from BCNZ . 
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To ensure that this iterative technique gives, at least, the same 
erformance as the spectroscopic one, we show the σ68 ( � z ) for
oth methods in the W3 field in Fig. 11 , where the solid lines
re the final results of both calibration techniques and the dashed 
ines are the intermediate results computed at each iteration in the 
terative technique. From the solid lines, it is noticeable that both 

ethods agree in performance, since the σ68 values are equi v alent 
or the whole i AB range. On the other hand, the dashed lines indicate
hat, iteration by iteration, the iterative calibration converges to the 
nal result, while also indicating that 5 iterations are sufficient for
onvergence. 

.2 PAUS wide fields photometric redshifts comparison 

he aim of this section is to present the radial distribution of the PAUS
ide fields photo- z catalogues, study the photo- z performance and 

ompare the different estimates of the photo- z, that is, z b, BCNZ and
 b, BCNZ w . 

The analysis is done after excluding the objects with bad pho- 
ometry or those classified as stars, following the flags and masks
efined on Section 2.2 . Also, BCNZ allows to compute photometric 
edshifts for objects with different NB co v erages and we opt to use
bjects with a co v erage of 30 NB or more, as their performance is
ery similar to that obtained using objects with a co v erage of only 40
B (see Appendix C for more details). As a result, we gain almost
00 000 objects with a co v erage below 40 NB. Finally, as detailed
n Section 3.4 , some objects of the G09 field with z b, BPZ > 4 are
onsidered outliers, so we remo v e them from the catalogue. 

Table 3 shows the number of objects with photo- z information, 
he area, the number density, and the average σ68 , after applying the

ask, for both photo- z estimates, BCNZ and BCNZ w. The number
ensities attained by PAUS are much higher than those reached with 
he spectroscopic surv e ys defined in Section 2.3 , allowing us to have
igh quality redshift information between broad-band photometric 
nd spectroscopic redshifts for high density regions on the sky. The 
ean σ68 of both estimates is essentially the same, although the 

ifferences appear when studying it as a function of i AB , z b and z s ,
s it will be discussed in detail in Fig. 14 . 

The photometric redshift distributions divided by the area as a 
unction of the photometric redshifts are presented in Fig. 12 for the
ombined PAUS wide fields, for the BCNZ original photo- z (dashed 
lack line) and for the weighted cases (solid black line). It can be
een that there are some artificial peaks around z b ∼ 0 . 7 − 0 . 8 in
he z b, BCNZ , wrongly assigned by the photo- z code, as discussed in
ection 3.4 . By weighting with the BB photo- z, these artificial peaks
re mostly remo v ed, leading to a smoother distribution. 

Fig. 13 shows the distribution of the weighted photometric red- 
hifts for a subsample of 2 deg 2 in Dec. as a function of RA, coloured
y the fluctuation of the number density of objects for all three
ide fields. This fluctuation in density is defined as 1 
σz 

(
n z 
μz 

− 1 
)

, 

here σ and μ correspond, respectively, to the σ68 and the median 
alue of the number density, n , and the subscript z reflects that
e slice in redshift bins. In this case, we compute the quantities

n redshift bins, as opposed to the case in Fig. 4 , since we want
o focus in the fluctuations at each redshift. In order to select the
est objects, we keep the 50 per cent of objects with better photo- z
uality based on the Q z parameter. These figures illustrate the good
etermination of the photo- z in PAUS, highligting lower and higher
 v erdensity re gions. We can see some photo- z errors around some
f the o v erdense re gions, which can be identified at fixed RA as a
unction of redshift. This can be seen, for example, in the W1 field at
A ∼ 38 ◦ and z b ∼ 0 . 2 or in the G09 field at RA ∼ 138 ◦ and z b ∼ 0 . 3.
Fig. 14 shows the photo- z performance in the PAUS wide fields

s a function of i AB , z b and z s . From top to bottom, the σ68 , the
utlier fraction and the bias are shown. Solid black lines show the
CNZ weighted photo- z ( BCNZ w), dashed black lines show the BCNZ

hoto- z and solid blue lines show the BPZ photo- z. As shown before
n Fig. 8 , the σ68 as a function of i AB is lower for faint objects for the
eighted photo- z case than for the BCNZ photo- z; the impro v ement

n σ68 of the BCNZ w photo- z starts to become apparent at i AB > 22 . 5,
ear where the BCNZ and the BPZ lines cross. Ho we ver, this is not
ecessarily the case as a function of z b or z s , where the σ68 does
ot show a clear preference for either of the BCNZ estimates. For
he weighted photo- z, σ68 ranges between ∼0.003 and ∼0.06 for 
 AB ∼ 19 and 23, respectively. Meanwhile, the BCNZ case increases 
p to σ68 ∼ 0 . 09 at the faintest magnitude bin. As for the outlier
raction, we note that, for all the i AB and most of the z b and z s ranges,
he fraction of outliers is lower in the weighted case, reaching a

aximum of ∼0.20. When studying the bias, it reaches ∼−0.02 at
he faintest magnitudes in the BCNZ case, while it oscillates very close
o 0 as a function of i AB in the weighted case. The bias increases up
o ∼0.02 and ∼−0.04 as a function of z b and z s , respectively, in the
CNZ w photo- z for the last bin, although it stays very close to 0 in
ll the other redshift range. At the last redshift bin, the BCNZ photo- z
hows a lower bias than BCNZ w. Finally, the performance of the BPZ
MNRAS 534, 1504–1527 (2024) 
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Figure 13. Distribution of the photometric redshifts of the W1, G09, and W3 fields as a function of RA for a cut in Dec., selecting the best 50 per cent of objects 

based on Q z . The colour bar indicates the fluctuation in the number density of objects per redshift bin ( n z ), 1 
σz 

(
n z 
μz 

− 1 
)

, such that σz and μz correspond to the 

σ68 and the median of n z . 
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hoto- z is worse than the BCNZ photo- z estimates in almost all the
etrics analysed. 

.3 Colour separation 

ne of the most rele v ant properties of galaxies is its morphological
ype, which is broadly divided into elliptical and spiral galaxies.
lliptical galaxies tend to be massive and dominated by old stellar
opulations, while spiral galaxies are less massive and more gas
ich, allowing star formation to happen (Hubble 1926 ; Driver et al.
006 ). The morphology of galaxies is related to their colour, so
hat elliptical galaxies tend to be redder and spiral galaxies bluer.
olour can therefore be used as a proxy for morphology. Studying

he dependence of the photo- z performance with respect to colour is
seful since it is then possible to study science cases based on the
orphology of the galaxies. 
We derive rest-framed magnitudes from the SED fitting including

B and NB, as used for the photo- z estimations. The SED fitting is
erformed with the Code Investigating GALaxy Emission (CIGALE;
oquien et al. 2019 ), a state-of-the-art SED fitting tool based on

he principles of the energetic balance between dust-absorbed stellar
mission in the ultraviolet and optical bands and its re-emission in the
nfrared. We use a grid of stellar population models with delayed star
ormation history, a Chabrier 2003 initial mass function (IMF) and
NRAS 534, 1504–1527 (2024) 
ssumed solar metallicity. We take into account the dust extinction
sing the reddening law of Charlot & Fall 2000 and we model the
R emission from dust (reprocessed from the absorbed UV/optical
tellar emission) using the dust templates provided by Dale et al.
014 . We also use the standard nebular emission model from Inoue
011 . A similar prescription was previously used in Tortorelli et al.
021 , Johnston et al. 2021 , and Renard et al. 2022 , except now a
orrection factor is added. SEDs of these models are first fitted to
he PAUS galaxy SEDs with spec- z. The correction factor for each
hotometric band, which is estimated based on the ratio of observed
nd modelled fluxes, is applied to the full data set and CIGALE is
un o v er the full data set with photo- z. F or galaxies with low SNR of
B, CIGALE fails to find proper models and the physical properties

re derived only based on broad-band photometry. The quality of
he fit is expressed by the reduced χ2 , which is used to select a
ample of galaxies with good fits. In this work, we use rest-framed
agnitudes for galaxies with reduced χ2 < 5 to ensure reliable stellar

roperties (e.g. Masoura et al. 2018 ; Buat et al. 2021 ). A full detailed
escription of the SED fitting procedure is presented in Siudek et al.
in preparation). 

Fig. 15 shows the U–V and V–J colours computed by CIGALE and
llustrates the cuts we make in this colour–colour plane depending
n the redshift of the galaxy (equation 12 ), as was implemented in
illiams et al. ( 2009 ), where they studied star-forming galaxies up



Photometric redshifts in deep wide fields 1517 

Figure 14. Performance of the PAUS wide fields for the weighted BCNZ w photo- z, the BCNZ photo- z and the broad-band photo- z computed from BPZ . From 

top to bottom, the σ68 , the outlier fraction and the bias are shown as a function of i AB magnitude, photometric redshift, and spectroscopic redshift. Each bin is 
defined to contain an equal number of objects. In general, BCNZ photo- z estimates give superior performance in all metrics considered, in comparison with BPZ 

photo- z. 

Figure 15. U–V versus V–J planes used to define blue and red galaxies. The diagonal cut varies across different photo- z ranges, shifting towards higher U-V 

values as the photo- z increase. 
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o z ∼ 2: 

 − V ≥ 0 . 88 ( V − J ) + α, (12) 

uch that α = 0 . 69 for galaxies with z b, BCNZ w < 0 . 5, α = 0 . 59 for
 . 5 ≥ z b, BCNZ w < 1 and α = 0 . 49 for z b, BCNZ w ≥ 1, where z b, BCNZ w 
orresponds to the weighted photo- z of the galaxy, which is
sed to better divide the sample in colour. Additional conditions 
 − V > 1 . 3 and V − J < 1 . 6 were implemented in order to a v oid

ontamination from unobscured and dusty star-forming galaxies 
Williams et al. 2009 ). All galaxies fulfilling these conditions are
efined as red galaxies, while the rest of them are considered as blue.
MNRAS 534, 1504–1527 (2024) 



1518 D. Navarr o-Gir on ́es et al. 

M

Figure 16. Performance of the PAUS wide fields for red, blue, and all galaxies. From top to bottom, the σ68 , the outlier fraction, the bias, and the SNR are 
shown as a function of the i AB , the photometric and the spectroscopic redshift. Each bin is defined to contain an equal number of objects. Bright and low redshift 
red galaxies exhibit superior performance compared to their blue counterparts. Conversely, faint and high redshift blue galaxies demonstrate better performance. 
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sing this definition and the χ2 < 5 condition, we obtain 199 749
ed galaxies and 873 047 blue ones. 

Fig. 16 shows, from top to bottom, the σ68 , the outlier fraction,
he bias and the SNR as a function of the i AB , the photometric
edshift and the spectroscopic redshift (from left to right) for red,
lue, and all galaxies for the PAUS wide fields. We include the SNR
n this analysis to better understand the photo- z performance as a
unction of z b and z s . The percentage of red galaxies with associated
pec- z oscillates between ∼15 –35 per cent in all the redshift bins
nd between ∼50 –10 per cent in the magnitude bins, being lower
he percentage of red galaxies for faint and high redshift objects.
he panel with σ68 as a function of i AB shows that red galaxies
ave better photo- z statistics than blue galaxies for bright objects,
hile for faint objects, red galaxies perform worse, showing larger
NRAS 534, 1504–1527 (2024) 
hoto- z scatter. For low redshift galaxies, the performance is also
etter for red objects, while it is slightly worse for those at higher
edshifts. The outlier fraction for red galaxies is lower for objects with
 AB < 21 while, as a function of the redshift, the outlier fraction for
ed galaxies is in general lower for the whole redshift range, specially
t z b < 0 . 75. Regarding the bias, red galaxies present larger values
han blue galaxies for fainter galaxies ( i AB > 21), while for the rest
f the i AB and redshift range the bias is comparable between both
ypes of galaxies. Finally, the SNR shows a clear difference between
ed and blue galaxies as a function of z b and z s , with blue galaxies
aving lower SNR at low redshift bins. This can be explained by
he fact that, for a given redshift bin, red galaxies are more massive
nd luminous than their blue counterparts, leading to higher SNR
alues and better photo- z accuracy. In order to test the dependence
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Figure 17. Distribution of the PIT values computed for the p( z) before (red) 
and after (blue) being corrected, following Bordoloi, Lilly & Amara 2010 , 
for the PAUS wide fields. The Quantile–Quantile plots, showing the fraction 
of spectroscopic redshift below a certain PIT value, are also shown. Before 
correcting the p( z), the distribution of the PIT values show peaks at the edges, 
while the distribution becomes uniform after correcting it, as expected. The 
Quantile–Quantile plots also follow the diagonal line after the correction. 

Figure 18. Normalized n( z) for the PAUS wide fields as a function of the 
photometric redshift computed using the corrected p( z) (solid line) and the 
estimation from the maximum of the distribution ( BCNZ , histogram). 
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n redshift without the effect of the SNR, we divided the sample in
 bins of SNR: SNR < 3, 3 < SNR < 6, 6 < SNR < 12. We only
ound better performance for red galaxies in the highest SNR bin for
ll z, while in the other bins the performance was very similar and
ndependent of z. 

.4 Validation of the p( z) 

CNZ provides us with the redshift probability distribution, p( z), for
ach galaxy, where the photo- z is determined by the maximum of
hat probability. Ho we ver, a correct estimation of p( z) allo ws us to
se the photometric redshift not just as a point determined by the
aximum, but as a probability density across the whole redshift 

pace. This is useful for some science applications, such as Myers,
hite & Ball ( 2009 ) and Asorey et al. ( 2016 ), where they estimate

alaxy clustering from the full p( z) distribution. Nevertheless, the 
robability distribution obtained from SED template-fitting codes 
ay be biased by degeneracies in the colour-redshift relation, non- 

epresentative SED templates, focusing effects and other inaccura- 
ies (Euclid Collaboration 2021 ). Thus, in this section, we try to
orrect the p( z) that BCNZ outputs and we compare its performance
ith the photo- z given by the maximum of the p( z). 
The usual way of determining the validity of the p( z) is by

tudying the probability integral transform (PIT, Dawid 1984 ) which, 
n the case of redshift calibration, we define as the cumulative 
robability distribution up to the spectroscopic redshift of a given 
alaxy: 

( z s ) = 

∫ z s 

0 
p( z )d z , (13) 

here the integral of the redshift probability distribution is carried 
ut from 0 to the spectroscopic redshift ( z s ). 
For accurate p( z), it is expected that the PIT values ( N PIT ) will

e uniformly distributed o v er the range from 0 to 1. Ho we ver, for
adly estimated p( z), the N PIT will be biased. If the p( z) of the
alaxies are too narrow in comparison to the distribution of the 
pectroscopic redshifts, N PIT will be concave. In the opposite case, the 
( z) will be too broad and N PIT will be conv e x (Polsterer, D’Isanto &
ieseke 2016 ). It is possible to calibrate the p( z) and obtain a uniform
istribution of N PIT by following the procedure in Bordoloi et al. 
 2010 ), where they correct the biased p( z) by multiplying it by the
umulative probability distribution at each z, obtaining a corrected 
( z ) ( p corr ( z )): 

 corr ( z) = p( z) · N PIT ( ζ ( z)) . (14) 

Even though this correction of p( z) is only strictly valid for the
ubsample with spec- z information, it is reasonable to assume that 
pplying it to the whole sample will still be valid if the spectroscopic
ample is representative of the full catalogue. 

Fig. 17 shows the N PIT obtained from the p( z) before and after
eing corrected for the PAUS wide fields. This figure also shows the
uantile–Quantile (QQ) plot, representing for each PIT value the 

raction of spectroscopic redshifts found below it. The black dashed 
ine shows the ideal case. We can see that the new N PIT , computed
rom the corrected p( z), are now uniformly distributed and the QQ
lots are much closer to the diagonal. It is also noticeable that,
efore being corrected, the N PIT presents peaks at the edges of the 
IT values, indicating that the uncorrected p( z) are narrower than 

he distribution of the spectroscopic redshifts. 
Fig. 18 shows the normalized n( z) distributions of the maximum 

f p( z) (histogram), which corresponds to the z b, BCNZ estimate, and 
he sum of all the individual p corr ( z) (solid line). We note the change
n the distribution when using a different estimate of the photo- z.
n the case of comparing the performance of the photo- z from the
aximum of the distribution or from the whole distribution, we only

onsider objects with photo- z < 1.2, since some edge effects were
eing obtained if the analysis was extended until z = 2. We believe
hat the reason for this to happen is that the number of objects in
he validation sample is so low in the range of z = [1 . 2 , 2] that the
orrection performed in equation ( 14 ) fails. 

Fig. 19 shows the performance of p( z) and p corr ( z) (blue lines) in
omparison with the one obtained from the maximum of p( z) (names
MNRAS 534, 1504–1527 (2024) 
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M

Figure 19. Performance of the PAUS wide fields from the maximum of the p( z) ( BCNZ ), from p( z) and from the corrected p( z) ( p corr ( z)). From top to bottom, 
the σ68 , the outlier fraction and the bias are shown as a function of the i AB , the photometric and the spectroscopic redshift. Each bin is defined to contain an 
equal number of objects. Estimating the z b from the maximum of the p( z) distribution demonstrates better performance than using the full p corr ( z). 
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s BCNZ , black lines). Again, from top to bottom, we study the σ68 , the
utlier fraction and the bias as a function of i AB , z b and z s , from left to
ight, respectively. In this case, the metrics for p( z) and p corr ( z) have
een computed differently than before, since we do not define � z 

equation 7 ) from the maximum of the probability distrib ution, b ut
or each z in p( z) and p corr ( z). As a consequence, we can transform
 corr ( z ) ( p( z )) to p corr ( � z ) ( p( � z )), with � z = 0 corresponding to

he z s of each object. Then, we stack the p corr ( � z ) ( p( � z )) of all
he objects, i, in each bin under study and obtain 	 i p i, corr ( � z )
 	 i p i ( � z )), from where we compute the desired metrics. From the
68 plots, we see that p corr ( z) presents higher values than p( z). The
eason for this is that the correction applied to p( z) may distribute the
robability away from its maximum, giving a more realistic p corr ( z).
iven that the σ68 measures the width around z s , it is expected that

his width will be larger when distributing the probability away. In
he case of the maximum of p( z), the σ68 presents lower values as a
unction of all the variables, with the exception of the faint and high
edshift bins, where the σ68 of p( z) and BCNZ are very similar. In
he case of the outlier fraction, the maximum of p( z) also presents
o wer v alues than p corr ( z). As for the bias, it is more pronounced as
 function of i AB and z s for p( z), while the BCNZ and p corr ( z) cases
re more similar in all the variables, with the bias of p corr ( z) being
loser to 0 as a function of z b . As a conclusion, this analysis shows
hat the photo- z accuracy reached by using the maximum of the p( z)
s higher than using the full p corr ( z) distribution. 
NRAS 534, 1504–1527 (2024) 
 C O N C L U S I O N S  

he Physics of the Accelerating Universe Survey (PAUS) is based on
 unique camera that uses a 40 NB set-up, allowing the fluxes of many
bjects to be obtained at once and their SEDs to be reconstructed
ith much more precision than typical BB surv e ys. The PAUS wide
elds co v erage o v erlap with the W1 and W3 fields from CFHTLenS
nd the KiDS observations in the GAMA G09 field, co v ering a total
rea of ∼51 deg 2 . Here, we sho w ho w the BB photometry from these
elds can be homogenized to a degree that permits combining them.
his allows us to present photometric redshifts for all the PAUS wide
elds, for ∼1.8 million objects, down to i AB = 23 in a photo- z range
f 0 < z b < 2, with the vast majority of objects having 0 < z b < 1 . 2.
We compute photometric redshifts with an SED template-based

lgorithm called BCNZ , introducing a modification in the zero-point
alibration technique between observed and modelled fluxes that
llows us to be independent from spectroscopic samples, without
egrading the performance of the photo- z. 
Since the direct output from BCNZ ( z b, BCNZ ) degrades in per-

ormance for faint objects, where the NB photometry has low
ignal-to-noise, we introduce an innov ati ve weighting scheme that
ombines BCNZ with the broad-band photo- z from BPZ ( z b, BCNZ w ).
his weighted photo- z estimate not only yields better accuracy for

aint objects ( i AB > 22 . 5), but also shows a reduced percentage of
utliers. 
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The abundance of galaxies as a function of magnitude and the 
hoto- z performance in each individual PAUS wide field are com- 
arable. This enables us to study the performance of the combined 
elds in the main text, leaving for Appendix A the analysis for the

ndividual fields. We obtain a σ68 of 0.003 for the brightest objects 
 i AB ∼ 19) and a σ68 of ∼0.09 and ∼0.06 for the faintest ( i AB ∼ 23)
n the BCNZ and BCNZ w photo- z estimates, respectively. Using the
eighted photo- z estimate introduced in this work ( BCNZ w), we
anage to reduce the outlier fraction when studied as a function of

 AB , z b and z s . 
We also study the dependence of the photo- z performance on 

alaxy colours, with colours determined from rest-frame absolute 
agnitudes. In general, we find that for bright ( i AB < 21), low-

edshift objects ( z b and z s < 0 . 75), red galaxies have more accurate
hoto- z. In contrast, for faint objects, blue galaxies have slightly
etter photo- z estimates. Ho we ver, the photo- z performance as a
unction of colour is relatively similar for both populations. 

Finally, we validate and calibrate the probability density distribu- 
ion, p( z), given by BCNZ . We show how to properly correct p( z) to
ollow the theoretical PIT distributions, indicating that they are well 
alibrated. This allows us to estimate the photo- z not only as single-
oint measurement, but to assign a robust photo- z probability to each
bject. Nevertheless, we find better photo- z accuracy by taking the 
aximum of p( z) as the photo- z estimate rather than using the full

istribution. 
The photo- z catalogues presented here are being used for key 

cience projects in PAUS, in particular the measurement of galaxy 
ntrinsic alignments and galaxy clustering as a function of redshift, 
agnitude and colour (Navarro-Giron ́es et al. in preparation), in a 

ather unique regime of moderately faint and high redshift samples, 
xtending the analysis to i AB ∼ 23 and z b ∼ 1. This regime is of
tmost importance to calibrate weak lensing analysis from dark 
nergy missions such as Euclid (Euclid Collaboration 2022 ) or Rubin
SST (Ivezi ́c et al. 2019 ). These samples can also be used to calibrate

he redshift distributions for such missions, as was already done with 
revious PAUS data in the case of KiDS (van den Busch et al. 2022 )
nd DES (Myles et al. 2021 ). The photometric redshift catalogues 
resented in this paper are published under demand as part of the
AUS le gac y products. 
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Table A1. Number of photometric redshifts, area, number density, BCNZ σ68 

and BCNZ w σ68 , after applying the mask and rejecting stars, for the W1, W3 
and G09 fields observed by PAUS. 

Field W1 G09 W3 

# objects 308 403 364 592 568 052 
Area [deg 2 ] 10.2 12.54 18.25 
Number density [deg −2 ] 30236 29074 31126 
BCNZ σ68 0.018 0.029 0.019 
BCNZ w σ68 0.019 0.030 0.018 
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PPENDI X  A :  P H OTO -  z P E R F O R M A N C E  IN  

N D I V I D UA L  FIELDS  

n this appendix, we analyse the performance of the photo- z studied
n Section 4.2 , but stressing the comparison between each of the wide
elds. 
Table A1 shows the number of photo- z (after applying the mask

nd the star flags), the area, the number density, the BCNZ σ68 and the
CNZ w σ68 for the PAUS wide fields studied in this analysis. The G09
umber density is slightly smaller than that of the W1 and W3 fields.
one the less, the number densities are comparable, indicating that
 similar population was selected in the three PAUS wide fields, as
hown in Fig. 3 . As for both σ68 estimates, the values for the W1
nd W3 fields are almost the same, while in the G09 field this value
ncreases up to σ68 = 0 . 030, showing a lower performance. 

Fig. A1 shows the photo- z as a function of spec- z, as in the case
f Fig. 9 , but separated into the 3 PAUS wide fields, so that we
an see the effect of applying the weight on the photo- z in each
f the fields. A horizontal stripe of artificial photometric redshifts

http://dx.doi.org/10.1086/308947
http://dx.doi.org/10.1051/aas:1996164
http://dx.doi.org/10.1093/mnras/stv230
http://dx.doi.org/10.1051/0004-6361/202038841
http://dx.doi.org/10.1051/0004-6361/201834156
http://dx.doi.org/10.1111/j.1365-2966.2010.16765.x
http://dx.doi.org/10.1093/mnras/stt715
http://dx.doi.org/10.1088/0067-0049/200/2/13
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1051/0004-6361/202141797
http://dx.doi.org/10.1051/0004-6361/202245027
http://dx.doi.org/10.1086/308692
http://dx.doi.org/10.1093/mnras/stt574
http://dx.doi.org/10.1093/mnras/stae1507
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1086/309250
http://dx.doi.org/10.1046/j.1365-8711.2001.04902.x
http://dx.doi.org/10.1086/383254
http://dx.doi.org/10.48550/arXiv.2306.06308
http://dx.doi.org/10.1088/0004-637X/784/1/83
http://dx.doi.org/10.1093/mnras/stw641
http://dx.doi.org/10.1093/mnras/stu2515
http://dx.doi.org/10.2307/2981683
http://dx.doi.org/10.1086/658908
http://dx.doi.org/10.1111/j.1365-2966.2006.10126.x
http://dx.doi.org/10.1111/j.1365-2966.2010.18188.x
http://dx.doi.org/10.1093/mnras/stt928
http://dx.doi.org/10.1093/mnras/stz204
http://dx.doi.org/10.1093/mnras/staa2265
http://dx.doi.org/10.1051/0004-6361/202040237
http://dx.doi.org/10.1051/0004-6361/202141938
http://dx.doi.org/10.1111/j.1365-2966.2006.10930.x
http://dx.doi.org/10.1051/0004-6361/201322179
http://dx.doi.org/10.1051/0004-6361/202040059
http://dx.doi.org/10.1111/j.1365-2966.2011.19913.x
http://dx.doi.org/10.3847/1538-4357/aa8626
http://dx.doi.org/10.1093/mnras/stad1350
http://dx.doi.org/10.1111/j.1365-2966.2012.21952.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20468.x
http://dx.doi.org/10.1093/mnras/stt030
http://dx.doi.org/10.1086/143018
http://dx.doi.org/10.1051/0004-6361:20065138
http://dx.doi.org/10.1111/j.1365-2966.2011.18906.x
http://dx.doi.org/10.3847/1538-4357/ab042c
http://dx.doi.org/10.1051/0004-6361/202039682
http://dx.doi.org/10.1051/0004-6361/201629558
http://dx.doi.org/10.1007/s10686-012-9306-1
http://dx.doi.org/10.1051/0004-6361:20066601
http://dx.doi.org/10.1051/0004-6361/201834918
http://dx.doi.org/10.1046/j.1365-8711.2002.05333.x
http://dx.doi.org/10.1086/516589
http://dx.doi.org/10.1088/0067-0049/184/2/218
http://dx.doi.org/10.1093/mnras/stae659
http://dx.doi.org/10.1051/0004-6361/201833397
http://dx.doi.org/10.1093/mnras/sts092
http://dx.doi.org/10.1093/mnras/sts454
http://dx.doi.org/10.1088/0004-6256/136/3/1325
http://dx.doi.org/10.1111/j.1365-2966.2009.15432.x
http://dx.doi.org/10.1093/mnras/stab1515
http://dx.doi.org/10.1088/0067-0049/208/1/5
http://dx.doi.org/10.3847/1538-3881/ab0412
http://dx.doi.org/10.1051/0004-6361/201323195
http://arxiv.org/abs/1608.08016
http://dx.doi.org/10.1186/s40668-017-0021-1
http://dx.doi.org/10.1093/mnras/stac1730
http://dx.doi.org/10.1051/0004-6361/201630114
http://dx.doi.org/10.1086/516580
http://dx.doi.org/10.1093/mnras/stad1399
http://dx.doi.org/10.1093/mnras/stab711
http://dx.doi.org/10.3847/1538-4365/ac0833
http://dx.doi.org/10.1016/j.ascom.2020.100391
http://dx.doi.org/10.1016/j.ascom.2019.04.002
http://dx.doi.org/10.1088/1475-7516/2021/12/013
http://dx.doi.org/10.1051/0004-6361/202142083
http://dx.doi.org/10.1016/j.physrep.2013.05.001
http://dx.doi.org/10.1088/0004-637X/691/2/1879
http://dx.doi.org/10.3847/2041-8213/aa794f


Photometric redshifts in deep wide fields 1523 

Figure A1. Photometric redshift versus spectroscopic redshift for the BCNZ photo- z (top) and for the BCNZ w photo- z (bottom) for each of the 3 PAUS wide 
fields. The colour bar indicates the density of objects. The horizontal stripes at z b ≈ 0 . 72 and z b ≈ 0 . 89 are dissipated when weighting with the photo- z computed 
only with broad-bands, which are obtained with another photometric redshift code. 

Figure A2. Weighted photometric redshift distributions for the W1, G09, and 
W3 fields, using the BCNZ w photo- z. Under and o v erdensities are observed 
between the PAUS wide fields. 
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s seen at z b ∼0.72 for the W1 and W3 fields and at z b ∼0.89 for
he G09 field, which is mainly corrected with the new weighted
hoto- z. 
The weighted photometric redshift distributions are presented 

n Fig. A2 for the W1, W3, and G09 fields. The W1 and W3
istributions are very similar, with the exception of an increase in the
3 distribution from z b ∼ 0 . 4 –0 . 6, not present in W1. In the case of

he G09 field, there is an underdensity of objects at z b ∼ 0 . 3 –0 . 4 and
n o v erdensity at z b ∼ 0 . 4 –0 . 5. Ho we ver, it is not straightforward
o assess if these are intrinsic differences coming from the fields
hemselves or if they are caused by the fact that we are comparing
wo photometric systems, with different star flags, different masks, 
nd different flux errors. 

Fig. A3 shows the performance of the W1, W3, and G09 fields as
 function of i AB , z b , and z s for the weighted photo- z (solid lines)
nd the BCNZ photo- z (dashed lines), following the same structure
s Fig. 14 . We also include in this analysis the photo- z from the
OSMOS field computed by Alarcon et al. 2021 , so as to compare

he photo- z with best accuracy that have been obtained by PAUS
ith the wide fields photo- z. Focusing on the PAUS wide fields, the

68 values as a function of i AB show that the performance of the
09 field is, in general, worse than the W1 and W3 fields, which

re more comparable to one another. This is also observed when
ooking at the σ68 as a function of z b and z s , with the exception of the
bjects around z s = 1, where G09 performs slightly better. We note
hat the weighted photo- z, in general, present lower values of σ68 .
MNRAS 534, 1504–1527 (2024) 
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Figure A3. Performance of the W1, G09, and W3 fields for the BCNZ w photo- z and for the COSMOS field photo- z in Alarcon et al. 2021 . From top to bottom, 
the σ68 , the outlier fraction and the bias are shown as a function of i AB magnitude, photometric and spectroscopic redshift. Each bin is defined to contain an 
equal number of objects. 
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or the BCNZ w photo- z, the faintest objects ( i AB ∼ 22 . 5 –23) have a
68 ∼ 0 . 05 –0 . 06 for W1 and W3, while it arrives at σ68 ∼ 0 . 08 for
09. When studying the outlier fractions, we note that G09 presents
igher values than the W1 and W3 cases, which are very similar.
09 reaches an outlier fraction of ∼0.25 for the faintest bin, while
1 and W3 present a value of ∼0.15. As a function of z b and z s , the

utlier fraction is higher in the G09 field at intermediate redshifts
 z ∼ 0 . 25 − 0 . 75). As for the bias, we see that the behaviour is
ifferent for the G09 case as a function of i AB , showing positive
alues for the BCNZ photo- z, unlike the W1 and W3 fields, which
ho w negati ve bias. G09 also presents higher bias as a function of
 b . Focusing now in the COSMOS photo- z presented in Alarcon
t al. 2021 , the σ68 and the outlier fraction values are lower than
n the PAUS wide fields, while the bias is comparable between the
ombined wide fields fields shown in Fig. 14 and these COSMOS
hoto- z. It is important to highlight that the average number of PAUS
bservations in COSMOS is 5, while it is 3 in the PAUS wide fields.
s a consequence, the SNR in COSMOS is higher than in the wide
elds and the photo- z are more accurate. Additionally, for these
OSMOS photo- z, the number of bands used was higher, with 26
road, intermediate and narrow bands co v ering the UV, visible and
ear IR, besides the 40 PAUS NB. Finally, we would like to mention
hat the number of objects and the area of the COSMOS photo- z are

uch lower than the PAUS wide fields photo- z, with ∼40 k versus
NRAS 534, 1504–1527 (2024) 

b  
1.8 million objects and ∼1 de g 2 v ersus ∼51 de g 2 , respectiv ely. As
 consequence, the PAUS wide fields photo- z have better statistics
nd are less affected by sample variance. 

We now summarize the reasons why the G09 photo- z display a
oorer performance than the other fields: 

(i) Fig. A4 shows the SNR, flux ( φ) and flux error ( φerr ) of the G09
eld. Note that, the flux errors of the BB decrease at a slower rate than

n the W3 field case shown in Fig. 7 and stop decreasing at i AB ∼ 22.
s a consequence, the SNR of both NB and BB decrease for almost

ll the i AB range, with the SNR of the BB being still higher than the
B one. This lower BB SNR for the G09 field with respect to W1

nd W3 is a key point that affects the photo- z estimation, given that
he SNR drives the photo- z performance, as explained in Section 3.4 .
o we ver, it is important to note that this difference in SNR between
09 and W1/W3 may be magnified, since we expect the CFHTLenS

rrors to be underestimated in comparison with the KiDS ones. The
eason for this is that KiDS uses GAaP photometry (Kuijken 2008 ),
here the convolution of the image is lower than in CFTHLenS and

s corrected for in the photometric error estimates. Nevertheless, we
till expect lower SNR in KiDS measurements, since CFHTLenS is
eeper than KiDS in most of the broad-bands. 

(ii) Even though the KiDS photometric system has 9 broad-
ands instead of the 5 available in CFHTLenS, the VIKING near-
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Figure A4. SNR, flux ( φ) and flux error ( φerr ) (from left to right) of the G09 field for the broad-bands and the narrow bands. The SNR of the broad-bands starts 
to decrease at i AB ∼ 21, since the flux errors of the G09 broad-bands stop decreasing around the same magnitude. In the case of the narrow bands, the SNR 

decreases as the objects become fainter, which is caused by the constant NB flux errors at faint magnitudes. 
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nfrared bands mostly help at z > 1, where they can better detect
he Balmer and 4000 Å break and where most of our objects are not
ocated. 

(iii) The validation sample of the G09 field, which is obtained 
y merging the G09 and KiDZ-COSMOS spectroscopic redshifts, 
ight not come from exactly the same processing, since the G09 

bjects are from KiDS DR4 and KiDZ-COSMOS come from KiDS 

R5. 
(iv) The difference in the definition of the i-band between 

FHTLenS and KiDS may also affect the comparison between both 
ases. On the one hand, even though we redefine i AB, CFHTLenS = 

 AB, KiDS − 0 . 1, we still have differences between both magnitudes, 
ince this is only a first order correction, so that comparing the
erformance of KiDS and CFHTLenS as a function of i AB is not
traightforward. On the other hand, as we commented, the cut 
t i AB, KiDS = 23 . 1 allows to obtain very similar number counts
ompared with W1 and W3. Ho we ver, there are still some differences
hat can be observed for bright objects in Fig. 3 that may affect the
omparison. 

(v) Finally, the fact that different outliers are found in the W1/W3 
nd the G09 fields, which correspond to artificial photo- z at z b ∼ 0 . 72
nd z b ∼ 0 . 89, respectively, may affect the performance, even though
e try to correct those outliers with the weighted photo- z. 

PPENDI X  B:  Q z SEPARATI ON  

CNZ provides photometric redshift quality parameters that allow us 
o select subsamples of galaxies with the ‘best’ photo- z. As stated in
ection 3 , we chose to use the parameter Q z (equation 5 ), since it is
 combination of other quality parameters. 

Fig. B1 shows the performance as a function of the quality
arameter Q z for the PAUS wide fields. Four different percentages 
f galaxies were selected based on Q z , such that we retain 100, 80,
0 per cent or 20 per cent of objects in each of the bins under study
ith best photometric redshift estimates. Note that, Q z acts reliably 

or objects until i AB < 21 . 5 and z < 1, since a more restrictive Q z 

ut in the catalogue yields better performance. Ho we ver, for faint
nd high redshift objects, the performance does not impro v e much
ith the quality parameter cut. This can be seen in Fig. B2 , where the
ependence of Q z as a function of i AB , z b and z s is shown. Fig. B1 can
e useful in order to obtain a catalogue with a better performance,
aking into account the loss in the number of objects. 
MNRAS 534, 1504–1527 (2024) 
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Figure B1. Performance of the PAUS wide fields as a function of the quality parameter Q z for the BCNZ w photo- z. From top to bottom, the σ68 , the outlier 
fraction and the bias are shown as a function of i AB , the photometric and the spectroscopic redshift. The performance is shown for the 20, 50, 80, and 100 
per cent best galaxies taking into account the quality parameter Q z . 

Figure B2. Dependence of the quality factor Q z on i AB (left), z b (middle) and z s (right). At high magnitudes ( i AB > 22) and high redshifts ( z ∼ 1), the values 
of Q z rise fast and are not that much correlated with the photo- z accuracy. 
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PPENDIX  C :  NA R ROW  BA N D  C OV E R AG E  

ue to the observing strategy in PAUS, some objects may lack
easurements in some bands. Thus, the reco v ered SED may be

ess precise, since some emission lines could be lost and the general
hape of the SED could be less defined. Ho we ver, this ef fect might
ot be rele v ant if the number of bands with no measurements is low.
ince BCNZ does not require flux measurements in all the bands to
NRAS 534, 1504–1527 (2024) 
ompute the photo- z, the performance can be studied as a function
f the NB co v erage. 
Left panel of Fig. C1 shows the number of objects as a function

f the narrow band co v erage. We decided to study the effect of a
o v erage of 30 NB in order not to lose much of the SED. Note that,
ost of those objects have measurements in all 40 NB, while around
300 000 objects lack some of the bands. 
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Figure C1. Left Panel: Normalized number of objects as a function of the NB co v erage. Around 80 per cent of the objects with NB co v erage equal or greater 
than 30 have measurements in all 40 NB. Right Panel: σ68 as a function of i AB for objects in the PAUS wide fields with an NB co v erage greater or equal than 30 
NB and for a NB co v erage of 40 NB. The degradation in the σ68 is negligible in comparison with the number of objects recovered by including a more relaxed 
NB co v erage condition. 

Right panel of Fig. C1 shows the σ68 as a function of i AB for two 
cases: objects with NB co v erage greater or equal than 30 NB and 
objects with co v erage in all bands. The de gradation in the σ68 is 
almost negligible when reducing the coverage of narrow bands. 

APPENDI X  D :  P H OTO -  z C ATA L O G U E  

We specify the column names and their description of the released 
catalogue in Table D1 . 
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Table D1. Column name and its description for the published catalogue in Co

Column name Description 

ref id PAUdm reference id (un
field PAUS wide field 
RA right ascension (deg) 
Dec. declination (deg) 
zb BCNZ photometric redshift fro
zb BCNZ w weighted photometric re
odds BCNZ ODDS quality par
chi2 BCNZ minimum χ2 

nb bands number of narrow bands
qz BCNZ Q z quality parame
mag i i AB magnitude (not corr
star flag Only for objects from C
mask cfhtlens Only for objects from C
sg flag Only for objects from K
sg2dphot Only for objects from K
mask kids Only for objects from K
flux x Coadded flux of the x ba
flux error x Coadded flux error of th

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
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smoHub. 

ique per PAUS wide field) 

m BCNZ 

dshift from BCNZ 

ameter 

 

ter 
ected for the difference between the CFHTLenS and KiDS magnitudes) 
FHTLenS: Star-galaxy separator (0 = galaxy, 1 = star) 
FHTLenS: CFHTLenS mask value at the object’s position 
iDS: Star/Gal Classifier (1 for galaxies) 
iDS: 2DPhot Star/Galaxy classifier (1 for high confidence star) 
iDS: 9-band mask information 
nd 

e x band 
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